The distribution of cell wall material between different plant cell types may contribute significantly to the variation in degradability of plant material with a similar overall chemical composition but different anatomy. Assessment of the degradability of cell walls in a section suitable for digestion is a three-dimensional (3-D) problem because of the thickness of section required (50-100 µm). Optical sectioning of thick sections using confocal laser scanning microscopy (CLSM) provides a method of estimating the volume of cell wall material present in tissue sections before and after digestion, and of visualizing the plant tissue using 3-D image reconstruction. The use of CLSM enables degradability measurements to be made on cells in situ and can provide more immediate and relevant information than can be obtained by mechanical fractionation of the tissues. The CLSM method has been used to visualize thick sections taken from maize and barley internodes before and after degradation with cell wall degrading enzymes. Quantitative measurements of cell wall volume and mean cell wall thickness were made on a series of optical sections, and the potential of the method for quantitation of cell wall degradability is assessed.
INTRODUCTION
Forages and crop-residues consist of a heterogeneous population of cell types each of which have degradability characteristics determined by their location within the plant, by their anatomical features and by the chemical composition of their walls. Early in itro methods of forage evaluation were concerned solely with fractionation of the plant material into cell contents and cell walls (Moir, 1972) . However, the botanical characteristics of the plant material were also recognized as a factor determining the nutritive value of forage crops (Walters, 1971) . It was considered likely that the pattern of distribution of lignin, rather than the total amount of lignin, masking potentially digestible cell walls accounted for much of the variation in digestibility between forage types (McManus and Bigham, 1973) . Further work confirmed the importance of quantitation of anatomical features in attempting to predict the nutritive value of forages (Wilkins, 1972 ; Akin and Burdick, 1975) . Subsequent detailed investigations of the relationship between anatomy and digestibility of forages have demonstrated interactions between cell wall thickness, lignification and other anatomical features in determining the digestibility of different cell types (Wilson, 1993) .
Mechanical disruption of plant material followed by separation of the resulting fragments into different anatomical fractions has been used to investigate the contribution of forage anatomy in determining the digestibility * For correspondence.
of the whole plant. McCluskey et al. (1984) established that differences in the degradability of fodder kale cultivars were determined primarily by the amount of vascular cell walls present in the stems by measuring the in itro degradability of vascular and non-vascular tissue fractions. In the case of forage maize, Lopez et al. (1993) obtained sufficient quantities of parenchyma and sclerenchyma cell walls to measure differences in the chemical composition and rate of cellulase degradability of the two cell types. Wilson et al. (1993) obtained more detailed information about the interrelationship between digestion characteristics and cell wall composition of five different cell types by careful dissection of Sorghum stems.
There are, however, practical limits to the extent to which any plant material can be dissected, or mechanically fractionated into different cell types. Alternative attempts to measure tissue degradability in situ using the ' section-toslide ' technique (Akin, 1982) are limited by the poor quality of conventional (wide-field) light microscopy images obtained from the thick sections (50-100 µm) needed to maintain the structural integrity of the tissue during degradation. Loss of focus caused by material in the section above and below the focal plane makes quantitation of tissue areas and other anatomical features difficult or impossible. Initial attempts to measure the degradation of plant tissue in situ were, therefore, based on a subjective assessment of degradation by more than one observer because of the poor quality of the microscope images obtained (Akin, Wilson and Windham, 1983) . In attempting to measure the degradability of leaf blades from switch 0305-7364\97\070001j11 $25.00\0 bo970420 # 1997 Annals of Botany Company grass, Twidwell et al. (1989) concluded that 2-D image analysis of tissue sections was insufficient because tissue degradation involves a third dimension. Although scanning electron microscopy (SEM) has been used extensively to visualize the three-dimensional surfaces of partially degraded sections (Grenet, 1989) , it is difficult to obtain quantitative information from the images produced. Goto, Morita and Chesson (1991) used image analysis to measure the relative areas of tissues in SEM micrographs of different barley cultivars. The increased depth of field of the SEM in comparison with conventional light microscopy results in high quality images. However, measurement of cell wall dimensions and other anatomical features in SEM micrographs of partially degraded sections does not take into account variation in the Z-plane. An SEM micrograph represents a projection of the 3-D surface of a coated specimen onto the 2-D (photographic) plane.
Optical sectioning of thick sections using confocal laser scanning microscopy (CLSM) provides an alternative method of estimating the volume of cell wall material present in tissue sections before and after digestion, and of visualizing the plant tissue using 3-D image reconstruction. Lapsley, Escher and Hoehn (1992) investigated the relative advantages and limitations of SEM and CLSM imaging of apple parenchyma. A particular advantage of CLSM is the provision of more detailed information about the 3-D internal structure of the tissue. In addition, CLSM imaging of intact tissue avoids artefacts that may be produced by the freeze-drying and vacuum coating of specimens required for SEM imaging. The cross-sectional area and cell wall thickness of individual wood fibres have also been measured using CLSM. Information from a series of optical sections was used in the quantitative study of wood fibre properties in samples of Kraft pulp (Jang, Robertson and Seth, 1992) . In this paper, CLSM has been used to visualize the internal structure of thick transverse sections of maize and barley internodes before and after in itro enzyme degradation to enable the potential of the method for quantitation of cell wall degradability in forages and crop by-products to be assessed.
MATERIALS AND METHODS

Plant material
Spring barley (Hordeum ulgare var. Blenheim) was obtained from a trial conducted by the Scottish Agricultural College in 1991\1992 at Tillicorthie near Aberdeen in northeast Scotland. The barley was harvested at growth stage 59 (ear emergence complete ; Zadoks, Chang and Konzak, 1974) and stored at k20 mC before processing. Sections of barley were taken from the mid-point of an internode from the middle of the stem. Maize (Zea mays) bm $ brown-midrib mutant expressed in cell line W401 was obtained from SES Seeds at Tienen in Belgium during 1993. The maize was harvested 5 d after anthesis, transported in dry-ice and stored at k20 mC before processing. Sections of maize were taken from the mid-point of the fourth internode from the top of the plant.
Microscopy
Sections of plant material 30-50 µm thick were cut with a Vibratome Series 1000 Sectioning System (Technical Products International Inc., St. Louis, Missouri, USA) using disposable microtome blades. The sections were cut into a water bath, then immediately extracted and stored in absolute ethanol. This procedure was intended to remove cell contents completely, as used in ethanol extraction of larger amounts of plant material prior to chemical analysis or in itro degradability measurements of cell walls. Before use, sections were removed from the ethanol with a wire loop, attached to cover slips using double-sided plastic adhesive tape (3M, Germany) and rinsed with distilled water.
Sections of plant material were partially degraded using the section-to-slide technique (Akin, 1982) . The sections were incubated at 40 mC in 0n1  acetate buffer (pH 4n8) and 0n1 mg ml − " chloramphenicol containing either 20 mg ml − " of a cellulase enzyme preparation derived from Trichoderma iride (Sigma, UK) or a control solution with no enzyme present (Dowman and Collins, 1982) . Two adjacent ' mirror ' sections (Engels, 1989) were taken from the same internode and incubated for 72 h (barley) or 24 h (maize) on cover slips inverted over wells containing either control or cellulase solution in contact with the section. Inversion of the sections was necessary to prevent debris from the tissue accumulating within the sample during degradation. After degradation, the sections on the cover slips were washed with distilled water followed by absolute ethanol to stop any further enzyme activity. The cover slips were then attached to glass microscope slides. Sections were stained for 30 min with 10-100 µg ml − " aqueous acridine orange, or 10-100 µg ml − " fluorescein isothiocyanate (FITC) in absolute ethanol and mounted in an ethanol-miscible fluorescence immersion oil (Leitz, UK). Sections stained with aqueous acridine orange were dehydrated using an ethanol series prior to mounting.
Confocal imaging
A Leitz Ortholux II fluorescence microscope fitted with a BioRad MRC 600 confocal laser scanning system (BioRad Microsciences, UK) was used to obtain confocal images of the tissue sections. The excitation source for epi-fluorescence was provided by a BioRad 25 mW Argon-ion laser (emission wavelength 488 nm and 514 nm), attenuated as required by a neutral density filter, and a ' BHS ' single-channel filter block that uses the 488 nm line of the Argon-ion laser. The 488 nm excitation line excites both acridine orange (excitation 440-470 nm) and fluorescein (excitation 496 nm). The BHS dichroic beam splitter (510 nm) passes the emission wavelengths of acridine orange (520 nm and 650 nm) and fluorescein (520 nm). Sections were examined using Leitz NPL Fluotar i25\0n75, or PL APO i63\1n4 oil-immersion objectives without a coverslip to produce good quality images and avoid the Z-axis corrections that would otherwise be necessary because of differences in refractive index. Confocal images were captured and displayed using BioRad SOM (scanning optical microscope) software on the host PC of the CLSM system. The images were digitized at a resolution of 768i512 pixels (picture elements) using a Kalman filter to average the signal over five frames. Zoom settings, and details of the collection parameters for ' Z-series ' CLSM images are given in the appropriate figure legends.
Image analysis
Confocal images from the CLSM system were transferred to a Sun SparcStation 10 (Sun Microsystems, UK) for quantitative analysis using the ' Visilog ' image analysis system (Noesis Vision Inc., France). The Z-series of confocal images obtained from the CLSM was processed using 2-D image analysis (sequential application of 2-D algorithms to a 3-D stack of images). Longitudinal symmetry of anatomical features along the Z-axis of an internode section enabled 2-D measurements to be made with the majority of cell walls at 90m to the sectioning plane. Features were extracted within an area of interest (AOI) corresponding to a particular cell type. The AOI was defined manually as an overlay on a ' maximum ' projection image of the Z-series. Each image in the series was then processed automatically using the same AOI.
Noise present in the digitized image was reduced using a ' median ' filter to select the median grey-level in a 3i3 neighbourhood around each pixel. The image was then segmented into foreground regions, corresponding to the fluorescent cell walls, and background regions using an iterative thresholding algorithm. An initial threshold was set at the mean grey-level of the image and used to partition the grey-level histogram into foreground and background pixels. The average of the mean foreground and background grey-levels was used to set a new threshold, and the process repeated until a stable threshold value was found. This algorithm locates a threshold at the mid-point between the mean grey-level of the foreground and background independently of overall image intensity (Riddler and Calvard, 1978) . The image produced by thresholding was then spatially filtered using morphological operators to dilate (expand foreground regions) and erode (shrink foreground regions) the binary image as described by . An initial morphological ' opening ' (erosion followed by dilation) by one pixel was used to remove small foreground objects from images obtained using the i63\1n4 objective. A morphological ' closure ' (dilation followed by erosion) by one pixel was used to remove small holes and smooth the edges of objects.
The area and perimeter of cell wall material present in each confocal image along the Z-axis of a sample was measured in the corresponding binary image. Mean cell wall thickness was estimated from the binary image using the ' distance ' transform (Peachey and Osborne, 1990) . The distance transform was used to produce a map of distances from each foreground pixel (cell wall) to the nearest boundary. The distance values reach a maximum along the mid-point of cell walls, approximating to the position of the middle lamella. A binary cell wall ' skeleton ' was obtained by locating pixels at these local maxima (' watersheds ') in the distance map. An estimate of mean cell wall thickness for each tissue was then obtained using the cell wall skeleton as a mask to extract the corresponding distance values from the map (Travis, Hirst and Chesson, 1996) .
RESULTS AND DISCUSSION
Conventional (wide-field) light microscopy is unsuitable for examination of sections thicker than about 10-20 µm because loss of focus, caused by interference from parts of the specimen above and below the focal plane, results in poor quality images. Computational de-convolution to reduce loss of focus in wide-field microscope images of 3-D specimens by digital signal processing (DSP) has considerable advantages over CLSM for measurement of degradability in 3-D tissue sections because fluorescence imaging is not required. However, our preliminary measurements of maize internode sections by de-convolution of wide-field microscope images using the ' nearest neighbour ' algorithm (Agard, 1984) were unsuccessful unless the Z-series interval was similar to the XY pixel resolution. Other approaches were investigated, including 3-D deconvolution in the frequency domain (Mayo, 1993) , but the DSP methods examined were slow and produced poor quality images in comparison to CLSM imaging. F. 2. CLSM ' maximum ' projection images of fluorescently stained plant cell walls. A, B, Stereo-pair image of an undigested 50 µm barley internode section stained with 10 µg ml −" acridine orange (objective i63\1n4, zoom 1n5, bar 25 µm, interval 5 µm, offset 0n35 µm). Undigested (C) and 72 h enzyme degraded (D) epidermis, parenchyma and vascular tissue from a 30 µm barley internode section stained with 10 µg ml −" FITC (objective i25\0n75, zoom 1n0, bar 50 µm, interval 5 µm). The horizontal line shows where each XY-plane in the stack of optical sections was sampled to produce XZ-sections of undigested (E) and 72 h enzyme degraded (F) sections (vertical bar 50 µm, horizontal line at 25 µm).
The principle of CLSM is to avoid the loss of focus by scanning the specimen with a small, precisely controlled source of illumination and a synchronized detector in such a way that the sample is optically ' sectioned '. Figure 1 A shows a diagram of a single confocal plane through a tissue sample. A series of images in different Z-planes (Fig. 1 B) can be obtained from the sample by stepping through the Z-axis of the specimen with a motorized focus controlled by the CLSM system. A series of confocal images produced in this way can then be visualized by volume ' rendering ' (Fig.  1 C) and used to obtain an estimate of the amount of cell wall material present in the sample by interpolation between optical sections.
The 3-D nature of confocal images is demonstrated in Fig. 2 . The images were produced using ' maximum ' projection where the brightest picture element (pixel) at each point through a stack of confocal images was used to produce a view of the sample. The 3-D perspective F. 3. Maximum projection images of a 50 µm maize internode section stained with 10 µg ml −" FITC. Undigested (A) and 24 h enzyme degraded (B) epidermis and sclerenchyma (objective i63\1n4, zoom 1n0, bar 25 µm, interval 2 µm). Undigested (C) and 24 h enzyme degraded (D) vascular bundle (objective i25\0n75, zoom 1n0, bar 50 µm, interval 2 µm). Undigested (E) and 24 h enzyme degraded (F) parenchyma (objective i63\1n4, zoom 1n0, bar 25 µm, interval 2 µm).
was achieved by projecting each confocal image offset by two pixels (0n35 µm) relative to the previous image in the stack. A left\right stereo pair was produced by reversing the direction of the two-pixel offset in a second maximum projection. The offset produces results similar to those obtained by tilting the specimen using conventional SEM stereo imaging. However, any perspective view of the specimen can be obtained by 3-D reconstruction from the stack of confocal images obtained by CLSM without tilting the specimen. This represents a considerable advantage over SEM imaging when investigating the internal 3-D structure of plant material. The images of an undigested barley section shown in Fig. 2 A and B were obtained using 10 µg ml − " aqueous acridine orange as a non-specific fluorochome. Better results were produced using 10 µg ml − " FITC in absolute ethanol. Although both the undigested barley section (Fig. 2 C) and the 72 h degradation section (Fig. 2 D) were complete transverse sections cut orthogonally through the plant stem, after mounting the sections tilted slightly as shown in the vertical XZ-sections in Fig. 2 E and F. The XZ-sections were produced by displaying the pixel intensity along a single horizontal line at the mid-point of each Z-plane in the stack of confocal images shown in Fig. 2 D and E. The tilting of the barley sections was caused by distortion of the section in the absence of a cover slip and may be a consequence of tissue ' tension ' in the barley stem or due to artefacts produced by transferring the sections directly from water into absolute ethanol, which may cause uneven dehydration of the section. The slight tilt of the barley sections enhanced the 3-D perspective of the specimen, but made quantitation of the images more difficult. Examination of cell wall morphology using 2-D image analysis methods requires the optical sections to be in the same plane as the microtome section. Distortion of the plant tissue as a result of specimen preparation for SEM by critical-point drying, in contrast, is potentially more serious than with CLSM and may result in shrinkage of the cell wall. The limitations of the present 2" # -D image analysis approach could be overcome using more advanced 3-D algorithms.
The barley internodes were selected on the basis of their moderate (30 %) neutral detergent fibre cellulase degradability (NCD). However, the sections obtained from the barley internodes appeared to degrade very little during the 72 h incubation on cover slips in contact with cellulase. The main difference between the undigested and 72 h degraded barley sections was the disappearance of the phloem from the vascular bundles (Fig. 2 D) . The primary objective of this work was a feasibility study to evaluate the potential of CLSM for quantitation of the degradability of forages and crop by-products and, although assessment of the degradability of barley straw is of interest (Wright and Hughes, 1989) , a brown-midrib (bm $ ) low-lignin mutant of maize (Cherney et al., 1991) was used as a more degradable alternative in the present study.
The sections of maize internode were degraded significantly during 24 h incubation with cellulase (Fig. 3) . The sclerenchyma cell walls were much thinner than those of the undigested section (Fig. 3 A) , and the epidermal cell walls had degraded completely leaving only the cuticle present (Fig. 3 B) . The presence of thin-walled cells of the phloem in a vascular bundle and the structural integrity of the vertical parenchyma walls of an undigested section is evident in Fig.  3 C. However, after 24 h digestion the phloem had been completely degraded, and the parenchyma cell walls had collapsed leaving the less degradable walls of the vascular bundle raised above the level of the remaining parenchyma walls (Fig. 3 D) . The effect of cellulase digestion on the structural integrity of the parenchyma walls can be clearly seen at higher magnification. In the undigested sections the vertical walls extended to the full thickness of the section and the cross-walls of the parenchyma could be seen intact (Fig. 3 E) but, after 24 h digestion, the vertical walls had collapsed and the cross-walls were extensively perforated (Fig. 3 F) .
One of the principal advantages of CLSM in comparison with SEM imaging is the ability to examine the internal structure of a sample. It is possible to produce optical Fig. 5 E and F) . The XZ-sections were obtained at Z-increments of 0n2 µm. The flat-topped cut surface and uniform thickness of the sclerenchyma walls are clearly visible in Fig. 5 E. However, after 24 h degradation the sclerenchyma walls had become pointed and were much thinner (Fig. 5 F) . The tapered ends of the sclerenchyma cell walls confirm the conclusion of Twidwell et al. (1989) that 2-D analysis of a single wide field image of a thick section is not sufficient to measure cell wall degradation effectively. The subjective nature of the decision about where along the Z-axis the thickness of the cell wall should be measured in degraded sections is clearly demonstrated.
The ' maximum ' projection of confocal sections produces an image that resembles an SEM micrograph. An important difference, however, is that the internal 3-D structure of a sample is present in a series of confocal sections. Each optical section can be processed separately using conventional 2-D image analysis techniques to extract quantitative information about the anatomical features of different cell types present in the section. The ability to measure anatomical features in thin optical sections throughout the specimen using CLSM avoids the subjectivity of deciding where to make 2-D measurements along the Z-axis of thick sections using wide-field microscopy described by Twidwell et al. (1989) . Sequential 2-D analysis of F. 5. XZ-sectioning of a 50 µm maize internode section stained with 10 µg ml −" FITC. Undigested (A) and 24 h degraded (B) epidermis, sclerenchyma, vascular bundle and parenchyma at a depth of 25 µm (objective i25\0n75, zoom 1n5, bar 25 µm). Undigested (C) and 24 h degraded (D) epidermis and sclerenchyma at a depth of 25 µm (objective i63\1n4, zoom 1n5, bar 25 µm). The horizontal line shows where each XY-plane was sampled to produce XZ-sections of undigested (E) and 24 h degraded (F) samples (objective i63\1n4, zoom 1n5, vertical bar 50 µm, interval 0n2 µm).
CLSM images provides a third dimension and enables cell wall degradation to be measured along the Z-axis. The cell wall area, perimeter and mean wall thickness of different maize cell types along the Z-axis of the specimen were estimated from 2-D analysis of the optical sections used to produce Figs 3 and 5. An important feature of the iterative thresholding algorithm used is that segmentation into foreground (cell walls) and background is accomplished independently of overall image intensity because variable stain penetration, and increased absorption and scattering of the beam with scanning depth results in attenuation of the signal (Fig. 5 E  and F) . A scanning depth of 50 µm is much smaller than the average size of forage particles leaving the rumen (approx. 2 mm). However, the degradation process in i o is limited by the surface area available for digestion by micro- organisms and their cell-free enzymes. The measurement of cell wall degradation using CLSM may be useful in identifying anatomical limitations to the degradation process at, or near to, the fracture surface of forage particles. Degradation of tissues deeper within the particles is likely to be limited by the availability of new surfaces exposed by further comminution of the plant material. In this case, the overall rate of tissue degradation would be much lower than that near to the fracture surface and would be influenced by the rate of comminution. The area, perimeter and (single) wall thickness of epidermis, parenchyma and sclerenchyma cell walls in sections of maize internode are shown in Fig. 6 . Measurements for parenchyma, and xylem and phloem tissue within Table 1 .
The loss of cell wall material from the epidermis and sclerenchyma during enzyme degradation is clearly evident in Fig. 6 . The presence of transverse walls in the parenchyma cells at a depth of 38 and 50 µm caused overestimation of parenchyma cell wall thickness where the walls were sectioned obliquely. Similar problems were evident in the parenchyma tissue surrounding the vascular bundle (Fig. 7) . This is a limitation of the present 2" # -D approach where 2-D T  1. Volume and surface area of cell walls present in the maize internode section shown in (A) Fig. 3 A, B, E and F and (B) Fig. 3 The volume and surface area were calculated by integrating the area under the curves shown in Figs 7 and 8. Cell wall volume is an estimate of the proportion of cell wall material present in the sampled volume (defined by the AOI and scanning depth). Cell wall area is the surface area of exposed cell wall material within a unit of sampled volume, and cell wall width is a mean value taken over the full scanning depth of the specimen.
image analysis algorithms are applied sequentially to optical sections in a Z-series. When the cell walls are essentially a tessellation of hexagonal prisms (i.e. symmetrical about a longitudinal axis) as in the case of epidermal, sclerenchyma or vascular tissue this approach is satisfactory. However, true 3-D image analysis would be needed to obtain unbiased estimates of cell wall thickness in obliquely-sectioned material. This would require segmentation of 3-D objects, and measurement of cell wall thickness using a 3-D distance transform.
The variation in cell wall degradation along the Z-axis is clearly demonstrated in Figs 6 and 7. Loss of cell wall material from the maize vascular bundle shown in Fig. 3 C and D is evident in Fig. 7 . Phloem tissue was completely absent from the section after 24 h degradation. The area of xylem tissue was substantially reduced towards the top of the section where the extent of degradation was greatest. The epidermis was the most degradable tissue in the maize internode, losing two thirds of its volume over a 24-h degradation period (Table 1 A) . Although the surface area of parenchyma was substantially reduced after degradation, the surface area of sclerenchyma increased. An increase in surface area would be expected where the cell walls remain intact and the cell lumen increases in diameter, as is the case with sclerenchyma tissue. In thin-walled tissue, however, rapid degradation of the common wall between adjacent cell lumens from both sides removes the wall completely, causing a reduction in cell wall area and collapse of the tissue (Fig. 3 E and F) . Sclerenchyma cell walls were degraded to almost 50 % of their original thickness averaged over the depth of the section. This figure was based on analysis of serial 2-D optical sections along the Z-axis, in contrast to the 2-D measurements made by Twidwell et al. (1989) on a single wide-field image which were critically dependent on the Z-plane chosen for measurement. The apparent increase in xylem cell wall thickness (Table 1 B) was caused by selective degradation of the thin-walled cells leaving predominantly thick-walled xylem elements (Fig.  3 C and D) .
Assessment of forage degradability by CLSM is suitable for use as a research tool to examine a relatively small number of samples in detail. Approximately 1 h per sample was needed to capture and analyse the confocal images, in addition to the 24-72 h cellulase degradation. However, large-scale screening of forage samples would require faster methods based on the prediction of degradability characteristics from rapid 2-D anatomical measurements of undigested tissue sections. Work is currently underway in our laboratory to construct mathematical models relating 2-D anatomical features in undigested thin (5-10 µm) sections to the in itro degradation observed by CLSM measurements of thick (50 µm) samples of the same material.
The present study amply demonstrates that with optical sectioning of plant material using CLSM it is possible to obtain an objective measure of cell wall loss during digestion by micro-organisms (or their cell-free enzymes). Comparative measures can be made of the loss of tissue from various AOI within a plant section. An AOI can be defined in terms of specific tissues (as was done in this study), cell types within a tissue or, indeed, individual cells. It has not previously been possible to quantify the effects of heterogeneity within tissues composed of single cell types or to examine the effect of location of a cell within a tissue on the process of its digestion. The use of CLSM coupled with 3-D measurement of cell wall degradation by sequential analysis of 2-D optical sections makes this feasible.
